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overview of astrophysical processes

From F. Timmes/H. Schatz/A. Spyrou
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summary: gamma-rays from r-process nuclei?

The abundances of r-process isotopes in the galaxy 
are too low for general observations. However, if an 
r-process event occurs close enough, we can 
potentially see gammas from the transient. 

Exactly which isotopes are the best candidates for 
such observations depends on (largely unknown) 
nuclear physics far from stability. Upcoming 
radioactive beam facilities such as FRIB can 
potentially dramatically reduce these uncertainties 
and facilitate the development of precision r-
process predictions.
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The origin of the heaviest elements in the r-process of nucleosynthesis has 
been one of the greatest mysteries in nuclear astrophysics for decades. Can 
gamma-ray astronomy contribute to its resolution?

Burbidge, Burbidge, 
Fowler, and Hoyle 1957
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LIGO/Virgo +
70 observatories
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NS merger kilonova
M ~ 10-2 Msun

r-process decay powered

Type Ia SN
M ~ 1.4 Msun
 56Ni-powered

simulated r-process (kilonova) light curves

Li and Paczynski (1998) 
Kulkarni (2005)
Metzger et al. (2010)
Roberts et al. (2011)
Goriely et al (2012)
Grossman et al (2013)

barnes&kasen 2013

GW170817



Kilpatrick+2017
Kasen+2017

GW170817 kilonova

Côté+2018 low opacityhigh opacity
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lanthanides



2 A. Perego et al.

Figure 1. Left: sketch of the neutrino-driven wind from the remnant of a BNS merger. The hot hypermassive neutron star (HMNS)
and the accretion disc emit neutrinos, preferentially along the polar direction and at intermediate latitudes. A fraction of the neutrinos
is absorbed by the disc and can lift matter out of its gravitational potential. On the viscous time-scale, matter is also ejected along the
equatorial direction. Right: sketch of the isotropised ⌫ luminosity we are using for our analytical estimates (see the main text for details).

decompression of this initially cold and extremely neutron-
rich nuclear matter had long been suspected to provide
favourable conditions for the formation of heavy elements
through the rapid neutron capture process (the “r-process”)
(Lattimer & Schramm 1974; Lattimer & Schramm 1976;
Lattimer et al. 1977; Symbalisty & Schramm 1982; Eichler
et al. 1989; Meyer 1989; Davies et al. 1994). While initially
only considered as an “exotic” or second-best model behind
core-collapse supernovae, there is nowadays a large litera-
ture that –based on hydrodynamical and nucleosynthetic
calculations– consistently finds that the dynamic ejecta of a
neutron star merger is an extremely promising site for the
formation of the heaviest elements with A > 130 (see, e.g.,
Rosswog et al. 1999; Freiburghaus et al. 1999; Oechslin
et al. 2007; Metzger et al. 2010b; Roberts et al. 2011;
Goriely et al. 2011a,b; Korobkin et al. 2012; Bauswein et al.
2013; Hotokezaka et al. 2013; Kyutoku et al. 2013; Wanajo
et al. 2014). Core-collapse supernovae, on the contrary,
seem seriously challenged in generating the conditions that
are needed to produce elements with A > 90 (Arcones et al.
2007; Roberts et al. 2010; Fischer et al. 2010; Hüdepohl
et al. 2010). A possible exception, though, may be magnet-
ically driven explosions of rapidly rotating stars (Winteler
et al. 2012; Mösta et al. 2014). Such explosions, however,
require a combination of rather extreme properties of the
pre-explosion star and are therefore likely rare.
Most recently, the idea that compact binary mergers are
related to both sGRBs and the nucleosynthesis of the
heaviest elements has gained substantial observational
support. In June 2013, the SWIFT satellite detected a
relatively nearby (z = 0.356) sGRB, GRB130603B, (Me-
landri et al. 2013) for which the Hubble Space Telescope
(Tanvir et al. 2013; Berger et al. 2013a) detected a nIR
point source, 9 days after the burst. The properties of this
second detection are close to model predictions (Kasen
et al. 2013; Barnes & Kasen 2013; Tanaka & Hotokezaka
2013; Grossman et al. 2014; Rosswog et al. 2014a; Tanaka

et al. 2014) for the so-called “macro-” or “kilonovae” (Li
& Paczyński 1998; Kulkarni 2005; Rosswog 2005; Metzger
et al. 2010a,b; Roberts et al. 2011), radioactively powered
transients from the decay of freshly produced r-process
elements. In particular, the delay of several days between
the sGRB and the nIR detection is consistent with the
expanding material having very large opacities, as predicted
for very heavy r-process elements (Kasen et al. 2013). If
this interpretation is correct, GRB130603B would provide
the first observational confirmation of the long-suspected
link between compact binary mergers, heavy elements
nucleosynthesis and gamma-ray bursts.
There are at least two more channels, apart from the
dynamic ejecta, by which a compact binary merger re-
leases matter into space, and both of them are potentially
interesting for nucleosynthesis and –if enough long-lived
radioactive material is produced– they may also power
additional electromagnetic transients. The first channel
is the post-merger accretion disc. As it evolves viscously,
expands and cools, the initially completely dissociated
matter recombines into alpha-particles and –together with
viscous heating– releases enough energy to unbind an
amount of material that is comparable to the dynamic
ejecta (Metzger et al. 2008; Beloborodov 2008; Metzger
et al. 2009; Lee et al. 2009; Fernández & Metzger 2013).
The second additional channel is related to neutrino-driven
winds, the basic mechanisms of which are sketched in Fig. 1.
This wind is, in several respects, similar to the one that
emerges from proto-neutron stars. In particular, in both
cases a similar amount of gravitational binding energy is
released over a comparable (neutrino di↵usion) time-scale,
which results in a luminosity of L

⌫

⇠ �Egrav/⌧di↵ ⇠ 1053

erg/s and neutrinos with energies ⇠ 10 � 15 MeV. Under
these conditions, energy deposition due to neutrino absorp-
tion is likely to unbind a fraction of the merger remnant.
In contrast to proto-neutron stars, however, the starting
point is extremely neutron-rich nuclear matter, rather than

c� year RAS, MNRAS 000, 1–25

NSM environments for element synthesis

prompt ejecta

Korobkin+2012

Dynamical ejecta from BNS merger
I

tej,dyn ⇠ few ms
I

vej,dyn ⇠ few 0.2 � 0.3 c

I
Mej,dyn ⇠ 10�4 � 10�2

M�, depending on q and EOS

Korobkin+12,Hotokezaka+13,Bauswein+13,Wanajo+14,Sekiguchi+15,Radice+16,Bovard+17,...

Bauswein+13

I tidal component
I equatorial
I low Ye

I shocked component
I equatorial & polar
I higher entropy
I larger Ye at high

latitudes

Albino Perego Talk at FRIB, MSU, East Lansing, 16/06/2018 13 / 34

Bauswein+2013
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Perego+2014



NSM environments for element synthesis
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Goriely+2011

Time and angle dependency

angle dependency

Martin et al. (2015)

Black hole formation determines time for wind nucleosynthesis  
(Fernandez & Metzger 2013, Kasen et al. 2015) 


Early times: low Ye: heavy elements

Late times: Ye ~0.35: lighter heavy elements

Martin+2015

prompt ejecta
fission recycling = 

consistent pattern?

dependent on outflow conditions, 
neutrino physics, etc.



GRB170817 + galactic chemical evolution

Côté, Fryer, Belczynski, 
Korobkin, Chruslinska, 

Vassh, Mumpower, 
Lippuner, Sprouse, 

Surman, Wollaeger 2018
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GW170817 kilonova: gold?



Kilpatrick+2017
Kasen+2017

GW170817 kilonova interpretation 

Côté+2018 low opacityhigh opacity
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outflows

Sources of ejecta for kilonova in GW170817

Daniel Siegel

Ṁin⇠(10�3�10�2)M�s
�1

The Astrophysical Journal Letters, 785:L6 (6pp), 2014 April 10 Siegel, Ciolfi, & Rezzolla

Figure 1. Snapshots of the magnetic field strength (color-coded in logarithmic scale and Gauss) and rest-mass density contours in the (x, z) plane at representative
times for model dip-60. Magnetic field lines are drawn in red in the left panel. The leftmost inset shows a magnification of the HMNS, the other ones show a
horizontal cut at z = 120 km.
(A color version of this figure is available in the online journal.)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

Figure 3. Same as Figure 1, but for model rand.
(A color version of this figure is available in the online journal.)

field geometry and could be absent if the field is randomly
distributed.

In all of the configurations considered, the mag-
netized baryon-loaded outflow has rest-mass densities
∼108–109 g cm−3 and is ejected from the star with velocities
v/c ! 0.1, in the isotropic part, and v/c ! 0.3, in the colli-
mated part.

Defining the isotropic luminosity as

LEM ≡ −
∮

r=Rd

dΩ
√

−g (T
EM

)rt , (2)

where dΩ is the solid-angle element, g is the determinant
of the spacetime metric, and T

EM

µν is the EM part of the

3

wind

1694 DESSART ET AL. Vol. 690

Figure 13. Colormaps of the log of the mass-loss rate per steradian (d2M/dt dΩ, in units of M⊙ s−1 str−1) for the no-spin BNS merger model at 10 ms (top left),
30 ms (top right), 60 ms (bottom left), and 100 ms (bottom right) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km2. Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1. Note the concomitant mass
loss from the poles down to midlatitudes (the wind) and the expansion of BNS merger material at near-equatorial latitudes.
(A color version of this figure is available in the online journal.)

is on the order of 2×1052 erg in the torus disk, regions with den-
sities between 1011 and 1014 g cm−3. Similar conditions in the
core-collapse context yield powerful, magnetically (and ther-
mally) driven explosions (LeBlanc & Wilson 1970; Bisnovatyi-
Kogan et al. 1976; Akiyama et al. 2003; Ardeljan et al. 2005;
Moiseenko et al. 2006; Obergaulinger et al. 2006; Burrows
et al. 2007a; Dessart et al. 2007). Rotation dramatically en-
hances the rate of mass ejection by increasing the density
rather than the velocity of the flow, even possibly halting ac-
cretion and inhibiting the formation of a black hole (Dessart
et al. 2008). In the present context, the magneto-rotational
effects, which we do not include here, would considerably
enhance the mass flux of the neutrino-driven wind. Impor-
tantly, the loss of differential rotational energy needed to fa-
cilitate the gravitational instability is at the same time de-
laying it through the enhanced mass loss it induces. Work is
needed to understand the systematics of this interplay, and how
much rotational energy the back hole is eventually endowed
with.

Oechslin et al. (2007), using a conformally flat approximation
to GR and an SPH code, find that BNS mergers of the type
discussed here and modeled with the Shen EOS avoid the
general-relativistic gravitational instability for many tens of
milliseconds after the neutron stars first come into contact.
Baumgarte et al. (2000), and more recently Morrison et al.
(2004), Duez et al. (2004, 2006), and Shibata et al. (2006),
using GR (and for some using a polytropic EOS), find that
imposing even modest levels of differential rotation yields a
significant increase by up to 50% in the maximum mass that can
be supported stably, in particular pushing this value beyond that
of the merger remnant mass after coalescence. Surprisingly,
Baiotti et al. (2008), using a full GR treatment but with a
simplified (and soft) EOS, find prompt black hole formation
in such high-mass progenitors. Despite this lack of consensus,
the existence of neutron stars with a gravitational mass around
2 M⊙ favors a high incompressibility of nuclear matter, such
as in the Shen EOS, and suggests that SMNSs formed through
BNS merger events may survive for tens of milliseconds before

wind

The Astrophysical Journal Letters, 778:L16 (5pp), 2013 November 20 Hotokezaka et al.

Figure 1. Rest-mass density profiles on the meridional plane for the NS–NS (SLy, Mtot = 2.7M⊙,Q = 1.0) (left) and BH–NS (H4, Q = 3, χ = 0.75) (right) models
at 8.8 ms after the onset of the merger. The red arrows show the velocity profiles of the ejecta.
(A color version of this figure is available in the online journal.)

simulation using SACRA code (Yamamoto et al. 2008). We
follow the dynamical ejecta with the numerical-relativity simu-
lation until the head of the ejecta reaches ≃1000 km (see Ho-
tokezaka et al. 2013 and Kyutoku et al. 2013 for details). After
that, the density and velocity structures of the ejecta are mod-
eled assuming homologous expansion (Rosswog et al. 2013a).
For the simulations, we employ a piecewise polytropic EOS with
which the cold EOSs of neutron-star matter are well fitted (Read
et al. 2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we consider
five cold EOSs: APR4 (Akmal et al. 1998) and SLy (Douchin &
Haensel 2001) as soft EOSs, ALF2 (Alford et al. 2005) as a mod-
erate EOS, and H4 (Glendenning & Moszkowski 1991; Lackey
et al. 2006) and MS1 (Müller & Serot 1996) as stiff EOSs.7
To take into account the effects of shock heating, we add the
thermal pressure as a Γ-law ideal gas EOS. The ejecta masses
obtained with this approximation of thermal effects agree with
those obtained with tabulated finite-temperature EOSs within
errors of several tens of percent for NS–NS mergers (Bauswein
et al. 2013).

For NS–NS mergers, we choose the total gravitational mass
of the binary Mtot = 2.6 M⊙–2.8 M⊙ and the mass ratio8

Q = 1.0–1.25. For BH–NS mergers, the gravitational mass of
the neutron star MNS is fixed to be 1.35 M⊙ and the mass ratio
is chosen to be Q = 3–7. The nondimensional spin parameter
of the black hole χ is chosen as χ = 0.75. We also perform
the simulations for Q = 7 and χ = 0.5. These parameters,
ejecta masses Mej, and averaged ejecta velocities ⟨vej⟩/c of the
progenitor models are summarized in Table 1.

The morphologies of the ejecta for NS–NS and BH–NS
mergers are compared in Figure 1. This figure plots the profiles
of the density and velocity fields at 8.8 ms after the onset of
the merger. Note that the ejecta velocities are in the small range
between ∼0.1c and ∼0.3c irrespective of the progenitor model.
However, the ejecta mass and morphology depend sensitively
on the progenitor models. In Table 1, we summarize these
properties of the NS–NS and BH–NS ejecta.

NS–NS ejecta. As shown in Figure 1, the NS–NS ejecta have
a spheroidal shape, rather than a torus or a disk, irrespective of
Q and EOS as long as a hypermassive neutron star is formed
after the merger. The reason is as follows. The origin of the

7 In this Letter, “soft” and “stiff” EOSs mean those which reproduce the radii
R1.35 ! 12 km and R1.35 " 13.5 km, respectively. Here R1.35 is the radius of a
cold, spherical neutron star with the gravitational mass 1.35 M⊙. For all the
EOSs, the maximum masses of spherical neutron stars are larger than ≃2 M⊙.
8 The mass ratio is defined by Q = m1/m2 with m1 " m2, where m1 and m2
are the component masses of a binary.

Table 1
Parameters of the Progenitor Models and Their Ejecta Properties

EOS Type R1.35 Mtot/M⊙ Q χ Mej/10−2 M⊙ ⟨vej⟩/c
APR4 NS–NS 11.1 2.6–2.9 1.0–1.25 · · · 0.01–1.4 0.22–0.27
SLy NS–NS 11.4 2.6–2.8 1.0–1.25 · · · 0.8–2.0 0.20–0.26
ALF2 NS–NS 12.4 2.6–2.8 1.0–1.25 · · · 0.15–0.55 0.22–0.24
H4 NS–NS 13.6 2.6–2.8 1.0–1.25 · · · 0.03–0.40 0.18–0.26
MS1 NS–NS 14.4 2.6–2.8 1.0–1.25 · · · 0.06–0.35 0.18–0.20

APR4 BH–NS 11.1 5.4–10.8 3.0–7.0 0.75 0.05–1.0 0.23–0.27
ALF2 BH–NS 12.4 5.4–10.8 3.0–7.0 0.75 2.0–4.0 0.25–0.29
H4 BH–NS 13.6 5.4–10.8 3.0–7.0 0.75 4.0–5.0 0.24–0.29
MS1 BH–NS 14.4 5.4–10.8 3.0–7.0 0.75 6.5–8.0 0.25–0.30

APR4 BH–NS 11.1 10.8 7.0 0.5 #10−4 · · ·
ALF2 BH–NS 12.4 10.8 7.0 0.5 0.02 0.27
H4 BH–NS 13.6 10.8 7.0 0.5 0.3 0.29
MS1 BH–NS 14.4 10.8 7.0 0.5 1.7 0.30

ejecta for NS–NS mergers can be divided into two parts: the
contact interface of two neutron stars at the collision and the tidal
tails formed during an early stage of the merger. At the contact
interface, the kinetic energy of the approaching velocities of the
two stars is converted into thermal energy through shock heating.
The heated matter at the contact interface expands into the
low-density region. As a result, the shocked matter can escape
even toward the rotational axis and the ejecta shape becomes
spheroidal. By contrast, the tidal tail component is asymmetric
and the ejecta is distributed near the equatorial plane.

Numerical simulations of NS–NS mergers show that the total
amount of ejecta is in the range 10−4–10−2 M⊙ depending on
Mtot, Q, and the EOS (see Figure 2). The more compact neutron
star models with soft EOSs produce a larger amount of ejecta,
because the impact velocities and subsequent shock heating
effects at merger are larger. More specifically, the amount of
ejecta is

10−4 ! Mej/M⊙ ! 2 × 10−2 (soft EOSs),

10−4 ! Mej/M⊙ ! 5 × 10−3 (stiff EOSs). (1)

Bauswein et al. (2013) show a similar dependence of the
ejecta masses on the EOSs and Mej ! 0.01 M⊙ for stiff EOS
models. According to these results, it is worth noting that the
ejecta masses of the stiff EOS models are likely to be at most
0.01 M⊙.

The dependence of the ejecta mass on the total mass of
the binary is rather complicated as shown in Figure 2. The
ejecta mass increases basically with increasing Mtot as long

2

blue KN in GW170817

dynamical ejecta (~ms) winds from NS remnant (~ms-1s)

M
tot

.10�3M�

accretion disk (~10ms-1s)

v & 0.2c v . 0.1c v ⇠ 0.1c

M
tot

& 10�2M�

red KN in GW170817

requires large amount of shock 
heated ejecta to obtain high Ye > 0.25

requires metastable NS phase

requires EOS with small NS radius (~12 km)

produces the heavy r-process 
elements in GW170817 
(Ye<0.25)

8/19GW170817: Implications for the astrophysical site of the r-process

slide from D. Siegel
Siegel & Metzger 2017, 2018

GW170817 kilonova interpretation 



integrated nucleosynthesis with neutrinos

lanthanides

gold, platinum
UNDERPRODUCED
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signature of actinide production? 
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254Cf and late-time radioactive heating

Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, Möller, McLaughlin, Korobkin, Jaffke, 
Holmbeck, Fryer, Even, Couture, Barnes, ApJL 2018

Californium-254 and kilonova light curves 3

Figure 1. Population of 254Cf. Left: abundances of nuclei at t = 0.02 days. The �-decay path into 254Cf and the potential
↵-decay from 258Fm are shown. Nuclei that undergo spontaneous fission at this time are indicated by hatched boxes. The region
to the left of the black line represents the limit of experimentally-studied nuclei. Right: the total abundance of the A = 254
�-decay chain feeding into 254Cf over time. The 254Cf nucleus is populated only by �-decay and any possible ↵-decay chains
are blocked by the spontaneous fission of 258Fm.

perimental data. For 254Cf(sf), fission fragment yields
Y (A,Z) in both mass A and charge Z are used in order
to produce the most accurate estimate of the energy re-
lease. Our hybrid method is based on experimental data
for the well-measured reaction 252Cf(sf) and calculations
for neutron-induced fission of 251,253Cf. The available
mass yields Y (A) data of Budtz-Jørgensen & Knitter
(1988); Hambsch & Oberstedt (1997); Zeynalov et al.
(2009); Göök et al. (2014) are fit with the three-Gaussian
parameterization using a global least-squares fit as done
previously by Ja↵ke et al. (2018). We then calculate
Y (A) for the 251,253Cf(n,f) reactions using the semi-
classical method of Randrup & Möller (2011). Next,
we determine the ratio of the fitted Y (A) for 252Cf(sf)
over the calculated 251Cf(n,f) at each A value. This ra-
tio is multiplied by the calculated Y (A) for 253Cf(n,f)
to produce our estimate for the Y (A) of 254Cf(sf) shown
in the top panel of Fig. 2.
To determine Y (A,Z) we apply a charge distribution

systematics Y (Z|A) with Y (A,Z) = Y (A) ⇥ Y (Z|A),
where

Y (Z|A) =
exp[�[Z � Zp(A)]2/2�2

Z ]p
2⇡�2

Z

(1)

and the most probable charge Zp(A) is given by the
unchanged charge distribution via Wahl (1988) with a
charge polarization from 252Cf(sf) data of Naik et al.
(1997). The width of the charge distribution is �Z =
0.58, in agreement with Naik et al. (1997). With Eq. 1
and the hybrid Y (A) for 254Cf(sf), we calculate the spon-

Figure 2. Upper panel: primary fission fragment yield of
254Cf(sf) calculated in the hybrid approach (see text). The
experimental primary mass yield for 252Cf(sf) from Göök
et al. (2014) and the sparse data on 254Cf(sf) from Brandt
et al. (1963) are shown for reference. Bottom panel: the
two-dimensional fragment yield of 254Cf(sf), with our charge
distribution systematics. Stable nuclei are shaded black with
the extent of FRDM2012 outlined in light gray.

taneous fission fragment yields Y (A,Z) shown in the
lower panel of Fig. 2.

R 
Su

rm
a

n
N

ot
re

 D
a

m
e 

  
RA

20
20

 2
0 

A
ug

 2
01

8 154 156 158 160
N

Cm

Bk

Cf

Es

Fm

Md
Z

10�16

10�14

10�12

10�10

10�8

10�6

A
b
u
n
d
an

ce



254Cf and late-time radioactive heating

Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, Möller, McLaughlin, Korobkin, Jaffke, 
Holmbeck, Fryer, Even, Couture, Barnes, ApJL 2018

254Cf yield calculation
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254Cf: observational impact

Zhu, Wollaeger, Vassh, Surman, Sprouse, Mumpower, Möller, McLaughlin, Korobkin, Jaffke, 
Holmbeck, Fryer, Even, Couture, Barnes, ApJL 2018

R 
Su

rm
a

n
N

ot
re

 D
a

m
e 

  
RA

20
20

 2
0 

A
ug

 2
01

8



merger outflow nucleosynthesis: 
required nuclear data

masses
beta-decay rates

beta-delayed neutron emission probabilities
neutron capture rates

fission rates 
fission product distributions

neutrino interaction rates

Mumpower, Surman, McLaughlin, Aprahamian
Progress in Particle and Nuclear Physics 86 (2016) 86
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required nuclear data: masses

masses
beta-decay rates

beta-delayed neutron emission probabilities
neutron capture rates

fission rates 
fission product distributions

neutrino interaction rates

masses from AME2016



r-process uncertainties: masses

Mumpower, 
Surman, 
McLaughlin, 
Aprahamian
2016

mass
uncertainties
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impact of mass uncertainties

Côté, Fryer, Belczynski, Korobkin, Chruślińska, Vassh, Mumpower, 
Lippuner, Sprouse, Surman, Wollaeger 2018
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impact of mass uncertainties
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Footnote: the role of    -decay

Luminosity (especially at late times) could indicate the 
importance of   -decay (or of fission!)
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experimental prospects at FRIB

AME 2016

FRIB Day 1 reach

FRIB design goal
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experimental prospects at FRIB

AME 2016

FRIB Day 1 reach

FRIB design goal

Surman and 
Mumpower

2018



summary: gamma-rays from r-process nuclei?

The abundances of r-process isotopes in the galaxy 
are too low for general observations. However, if an 
r-process event occurs close enough, we can 
potentially see gammas from the transient. 

Exactly which isotopes are the best candidates for 
such observations depends on (largely unknown) 
nuclear physics far from stability. Upcoming 
radioactive beam facilities such as FRIB can 
potentially dramatically reduce these uncertainties 
and facilitate the development of precision r-
process predictions.
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The origin of the heaviest elements in the r-process of nucleosynthesis has 
been one of the greatest mysteries in nuclear astrophysics for decades. Can 
gamma-ray astronomy contribute to its resolution?

Burbidge, Burbidge, 
Fowler, and Hoyle 1957
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deducing r-process conditions from abundance 
pattern details: the rare earth peak

N=82        rare earth peak      N=126

Surman+1998

Its formation mechanism is sensitive to 
both the astrophysical conditions of the 
late phase of the r-process and the 
nuclear physics of the nuclei populated at 
this time 
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hot, (n,g)-(g,n) 
equilibrium

cold, very 
neutron-rich

2

in r-process calculations predict a nuclear physics fea-
ture away from stability that leads to dynamical rare
earth peak formation, e.g. [41], though the peak is not
always of the correct size and shape to match the so-
lar pattern. Other mass models, e.g. [42], show no such
feature. Carefully-chosen linear combinations of astro-
physical conditions have been shown to improve the fit
to observation [43, 44]. An alternate formation mecha-
nism has been proposed that suggests the rare earth peak
is made up of fission fragments resulting from a vigorous
fission recycling r process [45]. This mechanism hinges
upon a specific distribution of fission daughter products
[46] that is untestable by experiment. Thus, it can only
be supported by indirect evidence, including the elimina-
tion of the dynamical mechanism as a viable alternative.

In this letter, we introduce a new method by which the
nuclear structure features that are necessary to produce
characteristics of the r-process abundance pattern are
determined by a Monte Carlo analysis. We apply this
procedure to the portion of the isotopic solar abundances
that includes the rare earth region, and we search for
a persistent, non-local feature in the mass surface that
leads to dynamical rare earth peak formation matching
the solar pattern.

There are two generic types of thermodynamic condi-
tions that could exist toward the end of the r process.
We define “hot” environments as those where the mate-
rial stays in (n, �) � (�, n) equilibrium until the neutron
number is no longer su�ciently high to maintain this
equilibrium and “cold” environments as those where the
equilibrium is broken because the temperature becomes
too low. A standard supernova neutrino wind is a hot
environment whereas the ejection of material from the
tidal tails of neutron star mergers is both cold and very
neutron rich. We apply our Monte Carlo procedure to
both types of environments.

As few mass measurements currently exist in the re-
gion in which we are interested, we require a theoretical
baseline mass model. For our baseline model, we choose
Duflo-Zuker (DZ) [47] since it has little structure in the
masses away from stability in the rare earth region. To
verify this, we use the DZ mass model to compute neu-
tron capture and beta decay rates and then run a set
of r-process simulations for di↵erent astrophysical condi-
tions. The neutron capture rates are computed using the
Hauser-Feshbach code CoH [48]. For the �-decay rates,
we use the underlying Gamow-Teller �-decay strength
function, i.e. the nuclear matrix element information,
from [49]. We compute the phase space factor to be con-
sistent with the DZ masses, as in Ref. [50]. Our treatment
of fission is largely schematic, as in [51], with spontaneous
fission set to occur for A > 240 and a simple asymmetric
split assumed for the fission daughter product distribu-
tions. This allows us to explore scenarios with fission
recycling where the fission fragments (A ⇠ 130) do not
contribute to rare earth peak formation. Examples of the

FIG. 1: Simulations of the r process with no rare earth peak
in hot (red solid line) and very neutron-rich cold (green dashed
line) conditions compared to the solar r-process residuals from
Ref. [9] (black points).

results of r-process simulations with this set of nuclear
data are shown by the red and green curves in Fig. 1 for
a hot and a cold very neutron-rich scenario, respectively.
As expected the abundance pattern shows no feature in
the rare earth region. This suggests the DZ mass model
is missing the ingredient that leads to dynamical rare
earth peak formation.
Since we have a baseline model without structure in

the rare earth region we are free to determine the missing
component of the mass model which is required to match
the r-process residuals. Previous studies have suggested
that a kink in the separation energies as a function of
neutron number is required [38, 39], but we wish to start
with as little preconceived notion as possible about what
this structure should be. Therefore, instead of choos-
ing a parameterized form for a kink structure, we let an
additional mass term float freely in neutron number, N :

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

Here, M(Z,N) is the new mass generated from the base-
line DZ mass, MDZ(Z,N), where Z and N represent the
number of protons and neutrons in the nucleus. The aN
are coe�cients, one for each set of isotones with neutron
number, spanning the range from 95 to 115. For a given
neutron number, aN controls the overall magnitude and
sign of the change to the base model. The parameter C
controls the center of the strength in proton number, and
f sets the fall o↵ the strength in Z. The latter we keep
fixed at f = 40 because we are looking for a persistent
feature in the mass surface.
We now proceed to determine the aN s and C using the

mass modification parameterization:

Mumpower, McLaughlin, Surman, Steiner 2016

deducing r-process conditions from abundance 
pattern details: the rare earth peak
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hot, (n,g)-(g,n) 
equilibrium

cold, very 
neutron-rich

Mumpower, McLaughlin, Surman, Steiner 2016

2

in r-process calculations predict a nuclear physics fea-
ture away from stability that leads to dynamical rare
earth peak formation, e.g. [41], though the peak is not
always of the correct size and shape to match the so-
lar pattern. Other mass models, e.g. [42], show no such
feature. Carefully-chosen linear combinations of astro-
physical conditions have been shown to improve the fit
to observation [43, 44]. An alternate formation mecha-
nism has been proposed that suggests the rare earth peak
is made up of fission fragments resulting from a vigorous
fission recycling r process [45]. This mechanism hinges
upon a specific distribution of fission daughter products
[46] that is untestable by experiment. Thus, it can only
be supported by indirect evidence, including the elimina-
tion of the dynamical mechanism as a viable alternative.

In this letter, we introduce a new method by which the
nuclear structure features that are necessary to produce
characteristics of the r-process abundance pattern are
determined by a Monte Carlo analysis. We apply this
procedure to the portion of the isotopic solar abundances
that includes the rare earth region, and we search for
a persistent, non-local feature in the mass surface that
leads to dynamical rare earth peak formation matching
the solar pattern.

There are two generic types of thermodynamic condi-
tions that could exist toward the end of the r process.
We define “hot” environments as those where the mate-
rial stays in (n, �) � (�, n) equilibrium until the neutron
number is no longer su�ciently high to maintain this
equilibrium and “cold” environments as those where the
equilibrium is broken because the temperature becomes
too low. A standard supernova neutrino wind is a hot
environment whereas the ejection of material from the
tidal tails of neutron star mergers is both cold and very
neutron rich. We apply our Monte Carlo procedure to
both types of environments.

As few mass measurements currently exist in the re-
gion in which we are interested, we require a theoretical
baseline mass model. For our baseline model, we choose
Duflo-Zuker (DZ) [47] since it has little structure in the
masses away from stability in the rare earth region. To
verify this, we use the DZ mass model to compute neu-
tron capture and beta decay rates and then run a set
of r-process simulations for di↵erent astrophysical condi-
tions. The neutron capture rates are computed using the
Hauser-Feshbach code CoH [48]. For the �-decay rates,
we use the underlying Gamow-Teller �-decay strength
function, i.e. the nuclear matrix element information,
from [49]. We compute the phase space factor to be con-
sistent with the DZ masses, as in Ref. [50]. Our treatment
of fission is largely schematic, as in [51], with spontaneous
fission set to occur for A > 240 and a simple asymmetric
split assumed for the fission daughter product distribu-
tions. This allows us to explore scenarios with fission
recycling where the fission fragments (A ⇠ 130) do not
contribute to rare earth peak formation. Examples of the

FIG. 1: Simulations of the r process with no rare earth peak
in hot (red solid line) and very neutron-rich cold (green dashed
line) conditions compared to the solar r-process residuals from
Ref. [9] (black points).

results of r-process simulations with this set of nuclear
data are shown by the red and green curves in Fig. 1 for
a hot and a cold very neutron-rich scenario, respectively.
As expected the abundance pattern shows no feature in
the rare earth region. This suggests the DZ mass model
is missing the ingredient that leads to dynamical rare
earth peak formation.
Since we have a baseline model without structure in

the rare earth region we are free to determine the missing
component of the mass model which is required to match
the r-process residuals. Previous studies have suggested
that a kink in the separation energies as a function of
neutron number is required [38, 39], but we wish to start
with as little preconceived notion as possible about what
this structure should be. Therefore, instead of choos-
ing a parameterized form for a kink structure, we let an
additional mass term float freely in neutron number, N :

M(Z,N) = MDZ(Z,N) + aNe�(Z�C)2/2f (1)

Here, M(Z,N) is the new mass generated from the base-
line DZ mass, MDZ(Z,N), where Z and N represent the
number of protons and neutrons in the nucleus. The aN
are coe�cients, one for each set of isotones with neutron
number, spanning the range from 95 to 115. For a given
neutron number, aN controls the overall magnitude and
sign of the change to the base model. The parameter C
controls the center of the strength in proton number, and
f sets the fall o↵ the strength in Z. The latter we keep
fixed at f = 40 because we are looking for a persistent
feature in the mass surface.
We now proceed to determine the aN s and C using the

mass modification parameterization:

predicted mass trends for the 
Neodymium (Z = 60) isotopic chain

deducing r-process conditions from abundance 
pattern details: the rare earth peak
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updated reverse engineering calculations

Orford, Vassh, et al, PRL 2018; Orford et al in prep; Vassh et al in prep
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reverse engineering calcs led by Nicole Vassh + masses from CPT at CARIBU
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required nuclear data: beta decay

masses
beta-decay rates

beta-delayed neutron emission probabilities
neutron capture rates

fission rates 
fission product distributions

neutrino interaction rates

beta decay rates from NUBASE 2016
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beta decay uncertainties and impact
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required nuclear data: neutron capture

neutron capture rates from KADONIS

masses
beta-decay rates

beta-delayed neutron emission probabilities
neutron capture rates

fission rates 
fission product distributions

neutrino interaction rates

Liddick+2016



required nuclear data:
fission properties

MÖLLER, SIERK, ICHIKAWA, IWAMOTO, AND MUMPOWER PHYSICAL REVIEW C 91, 024310 (2015)

Calculated Fission-Barrier Height
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FIG. 1. (Color online) Calculated fission-barrier heights for 3282
nuclei. The highly variable structure is mostly due to ground-state
shell effects. Ground-state shell effects are particularly strong in the
deformed regions around 252

100Fm152 and 270
108Hs162 and in the nearly

spherical region near the next doubly magic nuclide postulated to be
at 298

114Fl184. Our strongest shell effects are slightly offset to the left
with respect to this isotope.

ten-digit number, this means that the total data-storage space
needed is 5 000 000 × 10 × 5 000 = 2.5 × 1011 bytes, which
is 250 Gb of storage. When we started this type of calculation
based on millions of shapes in 1999 [2], this was indeed a
problem; now it is not.

II. OTHER FISSION POTENTIAL-ENERGY
CALCULATIONS

In most previous fission studies various schemes were
employed to avoid calculating a complete “hypercube” in
all the deformation variables considered. Such complete
calculations were impractical until computer performance had
evolved sufficiently, roughly achieved around 1995–2000. In

Calculated Fission-Barrier Height (MeV)
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FIG. 2. (Color online) Calculated fission-barrier heights for 2113
nuclei with generally lower proton and neutron numbers than those in
Fig. 1. Because the macroscopic energy contributes the major part of
the fission-barrier height for most nuclei in this region, and because
of the different energy scale compared to Fig. 1, the only shell effects
clearly visible come from the N = 126 spherical neutron shell.

macroscopic-microscopic calculations it was the norm to plot
energies versus two shape variables, for example β2 and
β3 (quadrupole and octupole deformations), and “minimize”
the potential energy with respect to additional multipoles;
typical examples are Refs. [7,8]. Although such approaches
intuitively seem promising, there are significant concerns
about the uniqueness and stability of such results. First,
when minimizations are carried out at a specific location
(β2,β3), what are the starting values of the additional shape
variables over which the minimization is carried out? A trivial
suggestion is that the values obtained for a previous point
be used, but which is the “previous point” will depend upon
the sequence in which the grid points are considered. It is
easy to visualize a surface, even in two dimensions, for which
a different result may be found by approaching a particular
point from opposite directions. Another strategy could be
that the minimizations are started at the value zero of the
additional variables at each point (β2,β3), but these approaches
would miss possible multiple deformed minima. And, even
if found, it would be impossible to display multiple minima
versus the “hidden” shape variables in a two-dimensional
contour plot. Furthermore, none of these methods, which
only access a limited part of the higher-dimensional space,
are guaranteed to find the true saddle points with reasonable
accuracy. In some cases, the saddle solutions will be correct,
but there is no way to mathematically evaluate the possible
errors inside the model framework itself. In many of these
minimization studies points that seem near each other in
the two-dimensional (β2,β3) plots are actually quite distant
in the higher-dimensional space. This is often manifested as
strong discontinuities appearing in published potential-energy
contour diagrams or plots of energy surfaces. Despite these
known deficiencies, these methods are still in routine use
today [9]. However, very recently other groups previously
employing such approximations have come to the conclusion
that the minimization method is deficient, not just in principle
but also in practice. In one recent macroscopic-microscopic
model study, the calculations were carried out for complete
multidimensional “hypercubes” and they confirmed that the
immersion methods we employ are crucial to avoiding spurious
results from the use of minimization. It is stated directly, “This
shows that the minimization is an uncertain method of the
search for saddles . . . ,” in the summary conclusions [10].

Currently, the main alternative approach to macroscopic-
microscopic calculations of fission-barrier potential-energy
surfaces and saddle points is the constrained Hartree-Fock
method introduced in 1973 [11]. Those authors state “One of
the advantages of this type of calculation is that deformation
energy curves can be calculated without making a complete
map of the deformation energy surface.” Another comment
that is often made in connection with determining fission
saddle points is that “constrained self-consistent methods
automatically take all higher shape degrees of freedom into
account.” However, these statements are misleading. Imposing
shape constraints in self-consistent methods is mathemati-
cally equivalent to the use of minimization techniques in
macroscopic-microscopic methods, which we, and now other
groups, have demonstrated are flawed. A detailed discussion is
in Ref. [1]. A very transparent discussion coming from outside

024310-2

Möller+2015

FIRE: Fission In R-
process Elements

US DOE/NNSA 
Topical Collaboration
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